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a b s t r a c t
Changes of the electrical conductance of a number of inorganic copper(I) conductive compounds includ-
ing Cu12Sb4S13, Cu2O, CuI, CuBr and CuCl were tested on exposure to different gases and vapors, including
ammonia, nitrogen monoxide, octanethiol, hydrogen chloride, acetic acid, formic acid, ethanol, humidity
andpiperidine. The sensitivity of the resistivity to ammoniawas estimatedas2.7%/ppmforCuBr, 1.4%/ppm
for Cu2O, 1.2%/ppm for CuCl, 0.013%/ppm for CuI, but only 0.0028%/ppm for Cu12Sb4S13. The highest selec-
tivity for ammonia was observed for Cu12Sb4S13. The sensitivity patterns of these materials to the tested
gases and vapors are very different which makes them applicable for sensor arrays for identiﬁcation and
quantiﬁcation of these species.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Accurate and reliable sensors for gaseous and volatile com-
pounds are important for industrial, scientiﬁc, environmental
and medical applications, for monitoring of security regions and
chemicalprocesses, to control combustionenginesandwaste incin-
eration facilities and for other applications. They are often expected
to work under harsh conditions, for example in chemically aggres-
sive media, at high pressure or temperature. Solid-state inorganic
materials are the most promising candidates for these applications
due to their high stability under such conditions.
Gas sensors are usually based on metal oxide semiconductors
(i.e. tin oxide, zinc oxide or titanium dioxide). Electrical prop-
erties of semiconductor compounds depend on the composition
of the surrounding gas atmosphere. Based on these effects, the
development of conductometric gas sensors using thin ﬁlms or
porous ceramics of n-type semiconductor oxides, such as ZnO and
SnO2, started in 1962 [1]. These sensors work at high temperature,
typically 350 ◦C for SnO2-based systems. In this case, the surface
conductivity of the sample is modiﬁed by adsorption of gases and
related electrostatic effects. Their electrical behavior is governed
by the formation of double Schottky potential barriers at the inter-
∗ Corresponding author. Fax: +49 941 9434064.
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face of adjacent grains, caused by charge trapping at the interface.
In an oxidizing atmosphere, the oxide surface is covered by neg-
atively charged oxygen adsorbates and the adjacent space charge
region is electron-depleted. Hence, a metal oxide layer displays a
high resistance. Under reducing conditions, the oxygen adsorbates
are removed by reaction with the reducing gas species and the
resistance of the oxide layer decreases. This unspeciﬁc reaction is
used for the detection of reducing gases. The main drawback of this
sensing principle is its resistive response to almost any reducing
gas.
Anotherway fordeveloping conductometric gas sensors is based
on the transfer of approaches of wet chemistry to solid and gaseous
phases. For example, thedevelopmentof ammonia sensors requires
an exploiting of receptor molecules which react selectively with
this analyte. The afﬁnity of NH3 to Ag+ is well known in aqueous
chemistry, similar effects are observed for gaseous ammonia [2].
Consequently, ammonia is adsorbed on the surface of a solid Ag+
ion conductor, attracting mobile Ag+ ions and creating a negatively
charged region with increased concentration of silver vacancies.
This leads to a modiﬁcation of the resistance of ammonia sensors
based on silver halides in the presence of the analyte.
The well known strong afﬁnity of Cu+ towards NH3 is the main
idea to use copper(I) as a selective receptor for ammonia. This
approach was realized by Lauque and co-workers [3–5] suggest-
ing to use copper(I) bromide. The interactions between copper ions
and NH3 leads to the formation of an interfacial layer at the contact
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Fig. 1. Response kinetics (left) and concentration dependence (right) of resistance changes of CuBr to different ammonia concentrations. Ammonia was diluted with artiﬁcial
air.
between the gas phase and the Cu+ ion-conductor with modi-
ﬁed concentrations of mobile copper atoms and copper vacancies.
Recently some other copper(I)-ion-conductors were suggested for
gas sensing, in particular cuprous oxide for the detection of nitro-
gen dioxide [6], ethanol [7] and hydrogen sulﬁde [8] and cuprous
chloride for carbon monoxide [9]. The aim of the present work is
to investigate the sensing properties of different ionic and mixed
conducting copper(I) compounds for gases andvapors, in particular
for ammonia.
2. Materials and methods
Cuprous bromide was obtained from Riedel (www.
sigmaaldrich.com) and cuprous chloride from Alfa Aesar
(www.alfa-chemcat.com). Cu12Sb4S13 was synthesized according
to Ref. [10]. The gases NH3, NO and synthetic air were purchased
from Linde (www.linde-gas.de). All other chemicals were from
Aldrich (www.sigmaaldrich.com). The electrodes for the con-
ductivity measurements were prepared by photolithographic
lift-off technique on oxidized silicon substrates. The thickness
of the evaporated gold layer was 250nm, and a 5nm chromium
sub-layer was used for better adhesion of gold to oxidized silicon.
The electrodes had a shape of interdigitized structure with gaps
of 5m and widths of the contact strips of 10m. The electrodes
were cleaned before the experiments with a hot “piranha” mixture
consisting of 30% hydrogen peroxide and 96% sulfuric acid (1:3,
v:v). Caution: piranha solution reacts violently with most organic
materials and must be handled with extreme care.
A home-made automated system based on a source-meter
(Keithley,www.keithley.com,model K2400) and ahigh-impedance
voltmeter (Keithley, model K617) was used for conductivity mea-
surements [11,12]. The measurements were performed in the
quasi-ACpulsemodewith two subsequent 1 s longvoltagepulses of
+50 and −50mV, respectively; the resistance was measured from
the difference of currents to such pulses. The gas mixing system
included computer controlled mass ﬂow valves (MKS Instruments,
www.mksinst.com, model 1179) [13,14]. Gases were delivered to
the glass ﬂow-throw cell via steel and Teﬂon tubes. This auto-
mated gas-mixing system was used for quantitative determination
of the sensitivity of copper(I) materials to ammonia. Other com-
pounds were injected into the cell using a syringe. The vapors were
collected from closed volumes above corresponding liquids (1M
aqueous solution was used for gaseous HCl) after at least 30min
equilibration at 25 ◦Canddilutedby air.Mass fractions of the vapors
in the measurement cell were estimated as about 0.3% for acetic
acid, 1% for ethanol and piperidine, 0.3% for water and 0.02% for
octanethiol. NO in nitrogen (320ppm) was injected into the mea-
surement cell without further dilution. The cell volumewas 4.6mL,
and the ﬂow rate was 1.7mL/s.
Sensing materials were deposited on interdigitated gold elec-
trodes from suspensions of the corresponding copper compounds
in acetonitrile (0.12%, w/w) by dropping of 0.5L and drying at
70 ◦C. Then the sensors were heated at 150 ◦C for 1h to remove the
residual organic solvent and to partially sinter the material. The
thickness of sensitive layers estimated by shift of the focus plane of
optical microscope was below 2m.
3. Results and discussion
The effect of ammonia on the resistance of different copper
materials was characterized quantitatively. Ammonia interaction
leads to an increase of the electrical resistance (Fig. 1, left). Typi-
cal response times are in the range of a few tens of seconds. In the
studied rangeof ammoniaconcentrations (between2and100ppm)
the resistance changes of all materials were almost linearly depen-
dent on the gas concentration (Fig. 1, right). The recovery kinetics
after replacement of the test gas by artiﬁcial air was in the range of
hundreds of seconds.
The analytical sensitivity of the tested copper compounds to
ammonia is demonstrated in Table 1. The highest sensitivity was
observed for CuBr, the lowest one for Cu12Sb4S13. These values
depend on the transducing factors (the ratio between conductivity
Table 1
Chemosensitive properties of copper(I) compounds towards ammonia
Material Sensitivity
(%/ppm(NH3))
Kinetic constant of
adsorption ((s ppm)−1)
Kinetic constant of desorption (s−1) Binding constant (ppm−1)
Fast Slow From fast
desorption
From slow
desorption
CuBr 2.7 0.0011 0.071 0.0037 0.015 0.30
Cu2O 1.4 2.30×10−4 0.05 –a 0.0046 –a
CuCl 1.2 7.70×10−4 0.043 0.0077 0.018 0.1
CuI 0.013 5.90×10−5 0.1 0.025 5.9×10−4 0.024
Cu12Sb4S13 0.0028 –a a a a a
a The value was not measured/calculated because of too high measurement or ﬁtting error.
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changes and amount of the bond ammonia) and on binding con-
stants. The transducing factors depend on the chemicalmechanism
of ammonia binding and the conductivity characteristics which
is different at least for Cu12Sb4S13 which is a metallic conductor
instead of amixed conductor. Assuming that the resistivity changes
are proportional to the amount of adsorbed analyte, one can apply
a usual approach developed for data analysis in afﬁnity sensors and
recently tested also for gas sensor [15]. The approach is based on
theLangmuir adsorptionmodel. In this case, theadsorptionkinetics
can be described as
d
dt
= kads(1 − )cA − kdes (1)
or
d
dt
= −ks + kadscA (2)
where ks is the apparent binding kinetics (ks = kadscA + kdes),  is
the coverage of the sensor surface, cA is the analyte concentration,
kads and kdes are the kinetic adsorption and desorption constants,
respectively. The solution of Eq. (2)with postulated proportionality
between  and material resistivity gives for the adsorption:
R(t) = ˛ cAK
1 + cAK
[1 − exp(−kst)] (3)
and for the desorption:
R(t) = ˛ cAK
1 + cAK
exp(−kdest) (4)
where K is the binding constant (K= kads/kdes), and ˛ is the pro-
portionality coefﬁcient between surface coverage and measured
resistance R(t).
The apparent kinetics of the resistance changes ks calculated
from the initial slopewas proportional to the analyte concentration
(Fig. 2). Taking into account that ks = kadscA + kdes, one can calcu-
late the kinetic adsorption constants from the slope and the kinetic
desorption constants fromextrapolation to zero concentration. The
values of kads are presented in Table 1 (column3). The highest value
of the kinetic adsorption constant was obtained for CuBr. No value
was obtained for Cu12Sb4S13 because of a too low signal/noise ratio.
It is not surprising that the kinetic adsorption constant correlates
well with the analytical sensitivity of the corresponding substance
(Table 1, column 2).
Analysis of the desorption demonstrated that the simple mono-
exponential model (4) does not provide an adequate ﬁtting of the
experimental data: the desorption kinetics was bi-exponential and
Fig. 2. Dependence of the apparent binding kinetics on the analyte (NH3) concen-
tration. Sensing material: CuI.
was much better described by the equation:
R(t) = cAK
1 + cAK
[˛1 exp(−kdes1t) + ˛2 exp(−kdes2t)] (5)
where ˛1 +˛2 =˛. Interestingly, the characteristic times of these
exponents were constant while the contribution of the fast expo-
nent increased with an increase in analyte concentration. The
values of these time constants for different materials are shown
in Table 1, columns 4 and 5. This behavior does not correspond to
the simple Langmuir adsorption model and indicates an additional
process inﬂuencing the observed desorption kinetics or a hetero-
geneity of binding sites. Bi-exponential kinetics was also observed
for conductometric NO sensors based on nickel phtalocyanine [15].
The almost linear concentration dependencies of the sensing
materials indicate that the binding constant should be lower than
the reciprocal value of the highest concentrations used for the test,
i.e. K≤1/(100ppm). Estimation from the kinetic measurements
gives approximately such values when the fast desorption kinetic
constants are used for calculation (Table 1, column 6). The use of
the slow desorption kinetics results in very high-binding constants
(Table 1, column 7), which are not compatible with the observed
linear concentration dependencies. We therefore assume that the
slow component of the desorption kinetics corresponds to another
process as, for example, the diffusion of an analyte into the bulk
phase of the material.
The compounds selected for the interference test includednitro-
gen monoxide, octanethiol, hydrogen chloride, acetic acid, formic
acid, ethanol, humidity and piperidine. Nitrogen monoxide was
selected as another reducing compound, piperidine as another
basic compound, octanethiol because of its strong afﬁnity to cop-
per, and water vapor as a typical compound accompanying each
analyte in real samples. The results are shown in Fig. 3. CuClwas not
included into this test because of experimental difﬁculties caused
by poor chemical stability of this compound. It was demonstrated
that Cu12Sb4S13 as a sensing material for ammonia exhibits the
highest selectivity: no effect on addition of any interferent was
detected.
The sensitivity patterns of Cu2O, CuI and CuBr and (Fig. 4) to the
testedgases andvapors are verydifferent andalmost orthogonal for
some of the analytes (acetic acid, nitrogen monoxide). Therefore,
these materials can be considered as candidates for the develop-
ment of highly selective resistive sensor arrays for gas and vapor
analysis.
Fig. 3. Relative sensitivity of copper(I) compounds to different gaseous and vapors.
The data were normalized to maximal response of each analyte. Sensing materials:
(a)Cu12Sb4S13, (b)CuI, (c) CuBr, and (d)Cu2O.Abbreviations of analytes: EtOH, ethanol
vapor; AcOH, acetic acid vapor; C5H11N, piperidine vapor; OT, octanethiol.
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Fig. 4. Resistive sensitivity patterns of the Cu(I) compounds. The resistivity changes are presented in logarithmic scale and normalized to the maximal value.
4. Conclusion
Investigation of resistivity changes of a number of copper(I)
compounds under exposure to ammonia revealed high selectivity
of Cu12Sb4S13 and high sensitivity of CuBr, CuCl and Cu2O. Different
chemosensitive properties of copper(I) compounds demonstrated
clearly the role of the second (non-copper) component of these
compounds on analytical sensitivity and selectivity pattern: the
effect of this component is so strong that one can suggest a sensor
array with very high selectivity based only on different copper(I)
compounds. One can expect further improvement of chemosensi-
tive properties by introduction of additives, by variation of the grain
size and by improvement of the electrode materials. The technol-
ogy of such screening of chemosensitive properties was described
in Refs. [11,14,16,17] and reviewed in Refs. [18–20]. Most probably,
not the whole phase but only the surface of grains of the sensing
materials contributes to chemosensitive resistance measurements.
This question canbeanalyzedby comparisonof suchmaterialswith
different grain size. If this suggestion is correct, a decrease of the
grain size down to nanometer scale is also a way to improve the
sensor performance.
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